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ABSTRACT
We propose &an experiment to measure the mean square. radius of the keon
to an accuracy of * 0.1 fermisz. The method consists of measuring the differ-

ential cross section %% for small t by scattering a beam of 80 GeV/c charged

keons from the atomlc elecirons im liguld hydrogen. Ve propose 2 simultansous
heasuremeﬁt of the difference between the mean square radii of the pion and
keon. Because this difference is proportional to the ratic of the cross
sections g%-of the pion and kaon, many of the systematic corrections which
plague absclute cross section measurements will cancel., The accuracy of this
messurement will then be limited only by statistics, end we estimate the error

in our measurement of the difference in the mean square radii to be * 0.03

fermisz.
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I. Introduction

Past NAL summer studies heve discussed the importance of meassuring
the electromagnetic radius of the pion and the keon with pion and kaon
beams which will become available at NAL.l)’a)’B)’h) Because of the non-
availability of pion and kaon targets, such experiments must consist of
scattering & high energy pion or kaon beam from the atomic electrons of_

a material (hydrogen). The kaon is about three times as massive as the
pion and because of this fact, the kaon can transfer far less. momentum to
an electron than can a pion at the same incldent energy. Since the accurascy
to vhich one can measure the meson“radius-depenAB only on the maximum recoil
momentum of the electron, one must use kaon beams at momenta which will be
available only at NAL in the near future. We propcse toc measure the mean-
square radius of the kaon to .'!'.O.lf2 using a beam of K and X particles at
80 GeV/c momentum.

We also propose to measure the difference between the mean square kaon
radius and mean square pion radius. Since:any unseparated kaon beam contains
& factor of 10 more pions than keons end gince thé:difference in the mean
squares of the kaon and pion redii are directly related to the ratic of the
K~e to m-e scattering cross sectlons, we feel that such a measurement would
require very little additional effort beyond the effort required to messure
the kaon radius sebsolutely. In fact, since one is measuring a ratio of cross
sections, many systematic corrections which enter into sn ebsolute cross section

measurement cancel and to a first approximetion, the error in the ratio of cross
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sections is purely statistical. This part-of the experiment is discussed
in section VII. The dbulk.of.this proposal :will discuss an absolute measure-
ment of the kaon radius. - Most:of our-conelusions regerding the kaon radius
are equally applicable.to.a measurement of. the. pion radius. We feel that
our experiment is not optimum for an absolute measurement of the pion radius
wvhen compared with NAL proposals which propose specifically to measure the
plon radius. However, we feel that a measurement of the: difference in the
mean square radii of these two mesons is unigue to: this proposal and we
discuss it later in this text.

The cross section for the scattering of-a point kaon from en electron

is given by the Bhabha formula

" 2
c<nim_r
(g = —%1 - %_) (1)
point K E n

vhere E = energy of the recoiling electron

mass of the electron

o
]

classiceal electron radius

=
[

5
[]]
=

maximum recoil energy of the electron and is given by

where'mK and E_ are the kaon mass and incident energy, respectively. The

K

four-momentum transfer to the electron is t = QméE so that equation (1)

mey be written as:



(& s —2 (1 - o) | (3)

t point K E m

Furthermore, if one assumes the kaon to have a charge structure, then
do do 2
() = (=) Fi (t) (4)

measured at point K

FK(t) ig the charge form factor of the kaon, It is the purpose of this
experiment to measure dFi(t)/dt-at t=0, 1.e., the slope of the square of
the form factor for very small four-momentum transfers to the electron.
For small t, FK =1~ §'<r§> vhere <r§> is the mean-square radius of
the keaon.

Assuming a vector dominence model one: can estimate <r§> in the

following mann

manner. If one sssumes that the K-e scattering is mediated

by a vector meson (¢ or w) as indicated by the graph

Y
e w,e K
then
m2
F(t) = —ad
t+n
wyd
For small t,
» t
FK(‘t) = 1~ =
Wyt
and
<y, > = g
m



..
or in units of fermis,

2 o2 2
<rK> = -—2——3- h g (5)

m@:w

vhere mi ~ is in units of'(GeV)a. The experimental spproach is to measure

"
the differential cross section da/dt .and- form the ratio

(do/at)

" ‘memsured - Fz(t) (6)
(dg/dt)point K X

where

do
(&)
point K

is calculated. This ratio is then plotted versus t.

II. Experimental-Considerations

Figure 1 shows the ratio

(do/at)
Tdo/at)

meagured
point K

= Fi(t) versus t

assuming the kaon radius to be dominated by the w snd ¢ and also a curve
sssuming the kaon to have the seme radius as the nuclecn (0.81f). The
data points shown are plotted on the basiS'ofilcs K-e scattering events
for the renge of recoil electron energies between 10 end 20 GaV; i.e.,
between Emax/2 end Emax for the recoiling eléctron. The corxresponding
t range is between 0.0l and QJlQ(GeV/c)aa The essumed beam enérgy is
80 GeV. The errors assigned to the points are statistical only.

It i8 clear that in order to obtain the mean-square kaon radius to

the desired precision one must make systematic corrections to the data
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vhich must be well understood. The .eurve which is fit to the data is

w

(dg/dt)measured- Tg>

(do/dt)pointx = l-—5t = y(t) (1)

Since the quantity of interest is <r§>/3; a question which naturally arises
is whether one must measure sn sbsolute cross section to some precision and
ggsume that the curve passes through the point y = 1.0 at t = 0 or whether
one can obtain the slope of the curve from the ravw date with ohly & very
crude knowledge of the absolute normalization. A figure of merit related
to the question of how well the absolute nermaiization must be known can be
obtained by_representing the gurve'to be fitted by the expression

<rs>
y(t) = (1% 6e)(1 - 3K t) where 6¢ is a normalization error

and assumed to be momentum independent. This assumption is obviously an
oversimplification because 8¢ reflects uncertainties in the rediative
correction calculation (discussed in section VI), wire chamber efficiencies,

etc. and some of these uncertainties4may.be=momeﬁtum dependent. Using a

5

meximun likelihood technigue and essuming 10” K-e events over the t range

i? ve: 3¢ arising from both systematic

and stetistical errors and present our results in the table below.

of interest, we compute the error é<r

8e(%) 6<r§>(fermisz) for 10° K-e events
0 0.03
0.5 0.06
1.0 -0,09
5.0 0.17
10.0 0.19
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Assuming one knows ¢ to 1%, 6<r§> = 0.10£° and this precision is adequate
to separate & nucleon-like redius (0.81f) frem a point~keon by seven
standard deviations.

At the lower part of Figure 1 is also plotted the maximum ¢t as a
function of incident kaon momentum. It is clear that one should go to

: 2
as high an incident energy as possible, especially since 5<rK>c( E;;iVE
1

and Nq assuming & constant electron target thickness and beam

Emax 5 1

intensity so that 6<rK? c{ 7@;;;»' However, one qulckly reaches a point

of diminished return as the kaon energy is increased. The experimentsl
epproach ie to measure the scattered kson and recoil electron energy as well
as the ‘incldent kaon energy to:-high precision. The signature for en event
of interest is an energy balance between the incident kaon and scattered

kaon' end electron, i.e.,

in out
Eo +m B+ E, (8)

and this balance must be assured to 1% in order to eliminate the background
resulting from K+—p collisions. Measuring the final momenta to }0.5% is
required to reject the background and this becomes increasingly difficult as
the incident energy is raised. We have chosen 80 CeV/c incident kaon momentum.
A beem of this energy (15 mr. beam) will be aveilsble in the meson area

end represents a good compromise between sufficiently large tmax and adequate

momentum measurement capability.

III. Apparatus

We propose to scatter 80 GeV/c positive and negative kaons from the medium

energy high resolution beem (15 mr. beam) in the meson area from the electrons in
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e liguid hydrogen target. The momenta .of both final state particles will
be meegured in the range 10 < Pg © 20 GeV/ec and 60 < Py < T0 GeV/e.
The directions of the particles into and out of the hydrogen target will
be mzesured by Charpak chambers. .A wire chamber spectrometer will measure
final state momenta well .enough to allow reconstruction of the energy balance
to 1%. The energy balance together with an €lectron detecting shower counter
will ellow us to reject the strong interaction backgrounds.

We now give a detailed description of the apparatus as it will be used
for the K+e- scattering measurements. The apparatus is shown in Flgure 2.

A, Beam: Ve plan to uge the NAL medium energy high resolution beanm,

P 5)

and hope to have 10°K' and 10K~ per pulse’’ at 80 GeV/c with Ap/p ¥ 0.25%.

This small momentum spread will eliminate the need for a measurement

of the incident momentum for each kaon. In order te obtain adequate pion

6)

rejection, the beem must contain either 2 DISC counters ' or an assembly of

three threshold counters. We will investigate the use of threshold counters

2 for the pion

versus DISC counters to achieve pion rejection factors of 10
contamination in the beam. An addendum to this proposal will be submitted
to NAL efter this study has been completed.

1 and P2 to measure the incident

particle direction to 0.1 mr. and to reject more than one incident particle.

We will use proportionsl chembers P

B, Target: The target is a 30 ecm. long, 5 cm. diemeter cylinder of
liquid hydrogen (2.1gm/cm2, 0.03 radiation lengths). Hydrogen was chosen
since it has the largest number of electrons/radiation length of any material

and because a pure proton taerget will simplify the strong interaction background
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problems. Filling the target with deuterium will provide an additional
check of strong interaction processes.

The total amount of material through vhich the electron passes must
be kept to a few hundreths of a radiation length, and every attempt must
be made to avoid introdueing extra target material at undesirable locations
(10 m. of alr is 1 gm/cm? or 0.03 radiation lengths). Consequently, we
intend to put the entire electron flight path in & helium bag (not shown).

C. Anticoineidence Counter: Figure 2 sghows the target flanked by

pairs of counters A vwhich might be used to reject the strong interaction
backeround procssses wvhen one or mors particles have & largs angle. Honte
Carlo calculations indicate that about 95% of.the strong interaction back-
ground mey be eliminated this~way { Bee background section). Unfortunately,
the probability for an 80 GeV/c charged particle to produce large angle knock-
on electrons which would get out of the target (2.5 ecm. of liquid hydrogen)

7)

is about 207 for each lgm/cm2 of target material encountered. The antico-

incidence counter, if used, must be & gandwich of counters and absorbers which
is not tripped by thesme electrens and is still effective againgt hadrons. Our
background estimates indicate that such an anticoincidence counter is probably

not necessary dbut we will continue te study its usefulness.

D. Final State Measurements:. Proportioﬂal chambers P3 and Ph will

provide a measurement of the particle directions to 0.05 mr. Since the kaon
and electron scattering angles are typically 1 mr, and 4 mr. respectively and
we only measure the incident direction to 0.1 mr., our knowledge of the scattering
angles will only suffice for a rough check of event <¢pplamarity. The main purpose

of this measurement is to provide good momentum resolution in the spectrometer
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which follows; 0.05 mr. will contribute a 0,147 error to the measurement

of an 80 GeV/c particle. The information from P. and P), will also be used

3
to reject events which have one or more than two charged particles in the
final state.

E. Magnet: A total field of 100 kg~m. is required for the spectrometer
magnet. The bending may be shared by two 2.0 m, 50 kg. magnets. The hori-
zontal aperture necessary for the second magnet is 1.0 m. if the magnets are
offset to take advantage of the great dfference in the kaon and electron momenta.
The horizontel aperture of the first megnet need only be about 0.5 m. In order
to accept a maximum 10 nr. seattering angle; both mognets must have a vertical
aperture of 30 em. We recognize that a 10C ké-meter magnet is a very large end
costly magnet end that the entire question of the kind of magnet that will do
the job and the cost of such 2 magnet must be studied by the authors of this

proposal. Ve plen to study this problem in detail and submit a report in the

form of a proposal addendum.

'F. BSpectrometer: The wire chamber spectrometer (Wl - wé) shown in
Figﬁre 2 will provide momentum resolution to 0.3% in the worst case. The
electron arm is purposely closer to the magnet to aveoid the necessity of
very large chambers. For measurements of the K e scattering cross section,
the hadron arm will be moved to the other side of the speactrometer.

G, Trigger: Scintillation counters S, and a large pulse in & leed-

1
plastic shower counter (SH) will indicate detection of an electron, We
expect the shower counter to provide about 50:1 electron:hadron rejection

end to give a rough meesure of the observed electron energy spectrum

%g— q g%q a8 & check on the experiment, Scintilletion counters
e
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82 will detect cha;ged particles in the hadron arm. An iron wall followed
by an anticoincidence counter (§u) will reject any muon-induced reactions
(importent for the m-e part of the experiment). The trigger for Kte”
scattering will be (\c')-(sl-sn)o(sa-éu) . Data on m'e  scattering et the
same four-momentum tragsfer (t = 2mePe) will be taken simultaneously by
requiring an appropriate pion signal from the beam Cerenkov counters. The

beam will contein mostly w+, K+, u+ and P. Since the maximum momentum an

80 GeV/c proton can give to an electron is 6.6T GeV/c, the Cerenkov counters
in the beam need only reject picns and muons for a K-e event and kaons and

muons for & m-e event.

IV. Rates

To calculate the rates, we assume a point kaon. Since we accept all
K-e scatters for which the recoil electron has an energy between Emaxlz

end E , our cross section 1s given by:
max _

Emax
2mm r2
c = %%dE= Eeo(l-an)
mex
Emax/g

Aggsuning a flux of 10S x* per pulse and 900 pulses per hour, a liguid
hydrogen target 30 em. in length and Emax to be 20 GeV our cross section
equals 3,%b. Our rate equels 4. b x 102 events per hour, If the beam is
reduced in momentum to 40 GeV/c and the megnetic field of the dipole magnet
is reduced accordingly, then Emax becomes 5.7 GeV and our cross section

3

becomes ¢ = 13,Tub. Our rate at this reduced energy is 1.5 x 107 per hour.

We propose the following assignments of running time:
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Baam Momentum(GeV/e): Number of hours “Total Number of Events
x* 80 300 10°
K~ 80 300 10°
K" 40 100 10°
k¥, & 80, 40 100 (Background studies)

V. Backgrounds

The strong interaction background from Kp and np interactions is one
of the most difficult problems for this experiment. In order to produce
e 1% measurement of the 1 ub electromagnetic scattering in the presence
of the 1000 yb étrong interactions we should have a rejection of at least
10”6 for any one channel. Thé probiem is sggraveied Ly cvur lgunorauce of
the mechanisms for the various reactions at 80 GeV/c, since the rejection
for a particular channel may depend critically on the differentiels of the
cross section.

Since we measure the magnitude of all momenta tc a few tenths of a
percent, the requirement of 99% elesticity for an event is the most important
factor in our ability to reject the stroﬂg interaction backgrounds since
they tend to have high final state multiplieities and many particles shere
the energy. Below, we give & detailed discussion of the backgrounds for
the K*e— scattering measurements., The only importent initial state is K+p.

Two body final states with s negative particle -are excluded by charge
conservation.

For three body final states, charge conservation requires that the

third particle be neutral. A likely candidate is K+p -+ K+pﬂ0 followad
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by 0 -+ ye+e' or x° + yy, with vy conversion in the target. In a thin
target, these mechaniems have comparable probability. We have not been
able to find a meesurement of Otot(K*p + Kpr°) above 5 GeV/e and we take
lmb as an upper limit. Our background estimate is based on a Monte Carlo
calculation using only phase apace at 80 GeV/c. The results are presented
in Teble 1.
As mentioned in the epparatus section, we heve considered the use

of an anticoincidence counter around the target to reject large angle
hadrons. We do not believe it necessary to use such a counter. However,
if used, the effect of this counter would be to reduce triggér rates and
background contamination in the final sample of deta by a factor of sbout
2c.

There are many possible four body final states. We have considered
K'p + K'pr'n™ in detail using e Monte Carlo calculation based on the

8) The totel cross sectlion was found to

results of Berlinghieri et al.
be 0.5 mb et 12.7 GeV/c'and'dc/d£ was exponential in the momentum transfer
to the kaon. The resulta of this esleculation are found in Teble 1.

We have not yet considered in detail the effects of higher multiplicity
final states. From those -channels conmsidered it eppears that we can accept
contributions from many individual channels since none of the possible
channels are expected to be more important than those we have congidered.

We have mlso included the background from the beam in Table 1, i.e.,
the decsy K*,¢ x+ + wo with a gubsequent decay of the no to simulate a Ke

event. Both the Dalitz decsy and the 2y .decay followed by conversion are

considered.
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We believe that a good test of the strong interaetion background
in our K+e' scattering data can be obtained by taking some data with
every magnet in the beam and experiment reversed. We will then have
a sample of events which simulate K e' + KTe'. Since there are no
positrons in the target and the K+p and K p cross sections are approxi-

nately equal, we will heve a meesure of the strong interaction background.

VI. Radiative Corrections

While one wighes to measure the single photon exchange process

indicated by the graph

(OPE) ,
€ K '
there are additional processes which contribute to the seme finel state,

namely, such processes as

s etec.

-] e K
These additional processes are referred to as "elastic processes".g)

do

@t opg
o
k1

contribute a fractional amount —61 to. the meesured cross section or

I ( is the process of interest, then the elastic processes

do, | = (&

mesas. dt CPE

o

1+ Gl].

There are further processes which contribute to (%%) and they
meas,

are teken in order below.
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The clasa of processes which invelve the'exchange of two photons, e.g.,

’ . [ eto.

e e K
contribute a fractionsl amount %-62 to the measured cross section. The processes

which involve the emission of a real photon as indicated by the diagrams

’ , ete.
e K e X

contribute a fractional amount %-63 to the measured cross section.
Although this process is distinguishable from both the elastic and two-
photon exchunge processes, the aml
events which would otherwise satisfy the energy balance criterion but
which radiate e photon and hence do not satisfy the energy balance
make this correction necessary.

There are two additional radiative corrections which must be applied.
The first correction is due primarily to reel bremsstrshlung emitted as
the recoil electron passes through the H2 terget. The maximum energy which
an electron of momentum Emax = 20 GeV can radiate and still fall within the
energy balance criterion is clearly the momentum resolution of the electron
arm or Ap = 20 x 0.3% = 60 MeV/c. The fraction of events that will be lost
because of radiation of photons of energy greater than 60 MeV in a liquid

hydrogen target of 30 cm. length is given by the expression
20 GeV/c
Gh = 0,015 dk/k

60 MeV/c
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where 0.015 is the fractional radietion length of 15 em. of liquid hydrogen.
This integral thus ylelds §) = -0,087.

Finally, a radiative correction must be made for ionization losses
as the particles of interest traverse the hydrogen target. While the
average losses are smell (¥ 1 MeV/gram), sometimes the kaon or recoil
electron will transfer sufficient energy to en electron in a single
collision to result in the event not satisfying the energy balance. This
is a smell effect and can be calculated exactly.

Teking the above corrections into account, the measured cross

do do o
(=) = (== (1 +=(6, +6,.+6.)+35,]).
dt neasured dt CPE - Tl 2 3 b

We have estimated 61, 62, and 63.for K+-e scattering at the maximum t
of 0.02 (GeV/c)2 to be -59, +23 end +21 respectively. These numbers are
to be regarded as very approximate since the prescription of Kahaneg)is
valid for n-e scattering and some terms containing mi have been dropped.

It is nevertheless useful to estimate our correction from this assumption

and wve estimate

(%% = -g-'j;) (1 -0.12] = 0.88(%% .
meas. OPE OFE

Assuming our knowledge of the experimental porameters to be exsact,
Professor Anthony Hearn of the University of Utah informs us that the
radiative correction to our experiment can be calculated to 1/2% of itself

with a reasonable effort. In fact, he has agreed to perform the calculations
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in the event this experiment is approved: Although it is probably adequate
to calculate the corrections to order u3, the necespity for a higher-order

calculation will be investigated.

VII. A Measurement of the Difference Between the Mzen Square Kmon -and Pion Radii

The epparatus will simultaneously accept ell w-e scattering events for
vhich the recoil momentum of the electron is between 10 and 20 GeV/c. One can
then directly obtain the ratio (%%J /(%%) for 0.01 < ¢ <-0.02 (GeV/c)2.

: K i

This ratio can then be related to the difference in the mesn square radii of

the kaon end plon by the expression
2 t 2
(do/at) Fr(t) 1 - ==<r_> _
X K 3 'K ot 2 2
: > : r— :‘_ ‘1l - §[<rK> - <rﬁ>]
(do/dt)Tr F (%) 1= 3>

The m~e cross sectlon over the range of t accepted is 10 ub while the K-e

crogs section is 3.9 ub., -The pion beam intensity is a factor: of 10 greater

than the kaon intensity. We therefore expect 25 times as meny v-e events

as K-e events in our experiment. Aszuming the error -in the ratio (%%)K/(%%)
’ n

to be the statistical error associated with lOS'K—e events, we have

2 2 3
5[<rK> - <rw>] = 3{0.3%)

Teking the root-meen-square value of t:to: equal- 0.0128 (Cev/e)? = 0.32,fermis-2,
we estimate the error in the difference of the mean square redii to be

2

6[<rK

> - <r§>] = 0.03f2
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Asguming the redius of the pion as given by the p dominance value or
moasured in snother experiment to be 0.63 fermis, and the radius of the
kaon to be the ¢ dominance value of 0.45 fermis, we can separate these
two values by six standerd deviations. If the kaon is dominated by the
@, thon the radil are equal, end the ratio of cross sections is unity
for all ¢t values.

Our agsumption that all systematic corrections will cancel is
certainly valid for uncertainties in the length of the hydrogen target
end counter and spark chamber inefficiencies, It is not valid for corrections
which are different Tor w-e end K-e peattering such as the radietive corrections
and background subtraction. This kind of correction must obviously be well
underatond 1f we are to achieve the desired eeeuracy in the difference of the

mean square radii.

VIII. Apvaratus Regquirements

The following table lists the apperatus to be provided by the University

of Pittsburgh and that required of NAL.

To be provided by University of Pittsburgh Required of NAL

Proportional counters and assoclated Iiquid hydrogen terget capable

rendout systen A of being filled with liquid
deuterium

Wire spark chambers end associated 100 kilogeuss-meter magnet

readout system (presently under study)

Beintillation and shower counters Fast electronics for trigger
logie

PDP-15 Computer for on-line data Camac modules and crates

acguisition

Interface foyr PDP-15 Computer Trailer for housing electronics
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In addition to the epove epparatus, NAL and/or the University
of Pittsburgh must provide Cerenkov counters for tagging kaons and
pions in the beam. The type of counter to be used, whether threshold
or differential, has not been decided upon as yet. This matter is at

present under study.
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Figure 1.

Figure 2.

Figure Captions

The retio of the measured cross section to the kaon point cross
section for different kaon radii. The ratios are plotted as a
function of t for an 80 GeV/c incident kaon beam, Points from
a hypothetical semple of 105 events are shown., Also shown on
the lover part of the figure is =& ﬁomograph giving the maximum
possible four-momentum transfer (tmax) for different incident
kaon momenta.

The apparatus es it will appear for the K+e- and n+e' part of
the experiment. The trigger will be (5" or K)-(Sl-SH)°(82°§u).
To measure the K e and 7 e’ cross sections, the hadron and
elactron orms will aoppear on thée same side of tne beam line. A
sample megnet design with two magnets whose centers are offset

from the beam line is shown.
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